have been prepared. The majority of them involve ternary Three new solid state silver selenoarsenates and one thioarse-systems associated with alkali metals and organic counternate prepared from hydro-and methanothermal synthesis ions. For example, Schä fer et al. prepared a large number are described. 5؊ . The thermal stability and optical Because the As Ϫ ion is isoelectronic to S (or Se), conceptuabsorption properties of these compounds are reported. © 1996 ally, the [As x S y ] nϪ anions can be related to the well-known
INTRODUCTION
isoelectronic with elemental S 8 . Because of the charge on the AsS Ϫ ion, the Ph 4 P ϩ cation is needed for charge balance. An interesting set of anionic species which can serve as The introduction of the trivalent As ions is expected to drabuilding units to construct complex multinary solids is that matically increase the chemical connectivity of these chalcoof thioarsenates and thioantimonates [Pn x Q y ] nϪ (Pn ϭ As, Sb; Q ϭ S, Se). Several compounds based on these anions geno-anions and lead to more elaborated structures. ampoules under vacuum. An empty quartz ampoule of equal mass was sealed and placed on the reference side of the detector. The samples were heated to the desired temperature at 10ЊC/min, kept there for 10 min, and then cooled to room temperature at 10ЊC/min. The reported DTA temperatures are peak temperatures. The DTA sam-SCHEME 1. The isoelectronic relationship between an Q 2Ϫ 4 and an ples were examined by powder X-ray diffraction after the experiments. Quantitative microprobe analysis of the compounds was performed with a JEOL JSM-35CF scanning electron microscope (SEM) equipped with a Tracor NorthWe have already produced hydrothermally several new ern Energy Dispersive Spectroscopy (EDS) detector. Crysmetal thioarsenate compounds, including [InAs 3 S 7 ] 2Ϫ (9) , tals of each sample were mounted on an aluminum stub [BiAs 6 S 12 ] 3Ϫ (9) , [HgAs 3 S 6 ] Ϫ (10), [Hg 2 As 4 S 9 ] 2Ϫ (10), which was coated with conducting graphite paint to avoid [Pt(As 3 S 5 ) 2 ] 2Ϫ (11) , and [Pt 3 (AsS 4 ) 3 ] 3Ϫ (11) . The structures charge accumulation on the sample surface under bomof these compounds range from discrete molecular to onebardment of the electron beam during measurements. The dimensional chains and two-dimensional layers. In these compounds were examined by X-ray powder diffraction compounds the [AsS 3 ] 3Ϫ anion shows a facile condensation to determine phase purity and for identification. Accurate ability resulting in higher nuclearity [ of organic cations. Semiquantitative microprobe analysis on single crystals gave Ag 3 As 1 Se 3 , however the XRD pat-EXPERIMENTAL tern did not match any known Ag/As (or Sb)/Se (or S) ternary phases. The synthetic procedure was later modified Chemicals in this work, other than solvents, were used to exclude organic cations. The optimized ratio was as obtained. All syntheses were carried out under a dry 1AgBF 4 /3K 3 AsSe 3 , giving a yield of ȁ99% based on Ag. nitrogen atmosphere in a vacuum atmosphere Dri-Lab Given that another compound with the formula Ag 3 AsSe 3 glovebox except where specifically mentioned.
is already known, we will refer to our compound as ͱ-Optical diffuse reflectance measurements were made at Ag 3 AsSe 3 and to the known phase as Ͱ-Ag 3 AsSe 3 (14) . room temperature with a Shimadzu UV-3101PC double beam, double-monochromator spectrophotometer. Ther-(Me 3 NH)[Ag 3 As 2 Se 5 ](II). A Pyrex tube (ȁ4 ml capacity) containing AgBF 4 (0.02 g, 0.1 mmol), K 3 AsSe 3 (0.144 mal Gravimetric Analysis (TGA) was performed on a Shimadzu TGA-50. The samples were heated to 800ЊC at a g, 0.3 mmol), Me 4 NCl (0.10 g, 0.6 mmol), and 0.3 ml of water was sealed under vacuum and kept at 110 Њ C for 1 rate of 10ЊC/min under a steady flow of dry N 2 gas. Differential thermal analysis (DTA) was performed with a com-day. A few large dark-red transparent plate-like crystals were isolated by washing with H 2 O, MeOH, and anhydrous puter-controlled Shimadzu DTA-50 thermal analyzer. Single crystals (ȁ10.0 mg total mass) were sealed in quartz ether. Although we started with Me 4 N ϩ as the cation, the 8.6 . The synthetic (0.02 g, 0.1 mmol), K 3 AsSe 3 (0.144 g, 0.3 mmol), Ph 4 PBr (0.419 g, 1 mmol), and 0.5 ml of methanol was sealed under procedure was later modified to exclude organic counter- (3) 0.1200 (7) 0.0889(6) 0.6187(3) 1.0(3) Se (4) 0.4164(7) Ϫ0.0962(5) 0.7686(3) 0.8(3) Se (5) 0.454(1) Ϫ0.2500 0.6095(4) 0.9(4) Se (6) 0.6009 (7) 0.0837(5) 0.5629(3) 1.1(3) As (1) 0.748 (1) 0.2500 0.6078(4) 0.6(4) As (2) 0.220 (1) 0.2500 0.5539(5) 0.7(4) As (3) 0.287 (1 (5) 0.8387(3) Ϫ0.1161(3) 0.2712(4) 1.8 (1) As (1) 0.5867(3) 0.1183(3) 0.5867(4) 1.5(1) As (2) 1.
ions. The optimized reaction ratio of AgBF 4 /K 3 AsSe 3 is X-Ray Structure Determination 1:3 with the yield close to 90% based on Ag. All compounds were examined with X-ray powder dif-K[Ag 3 As 2 S 5 ](IV). A Pyrex tube (ȁ4 ml) containing fraction to check for phase purity and identification. The AgBF 4 (0.02 g, 0.1 mmol), K 3 AsS 3 (0.144 g, 0.3 mmol), calculated and observed XRD patterns matched well sugPh 4 PBr (0.419 g, 1 mmol), and 0.5 ml of methanol was gesting (barring any amorphous phases) essentially sealed under vacuum and kept at 110ЊC for 1 week. Large phase homogeneity. brown-yellow chunky crystals were isolated by washing the The single-crystal X-ray diffraction data of all four comexcess starting material and KCl with H 2 O, MeOH, and pounds were collected with a Rigaku AFC6 diffractometer anhydrous ether (yield ϭ 65% based on Ag). Quantitative equipped with a graphite-crystal monochromator at 23ЊC. microprobe analysis on single crystals gave K 1 Ag 2.5 As 2 S 4.7 . The data were collected with the /2 scan technique. All The procedure was later modified to exclude organic coun-crystals were stable to the X-ray beam as judged by the terions. The optimized reaction ratio of AgBF 4 /K 3 AsS 3 is intensities of three check reflections measured periodically during the data collection. The space groups were deter-1:3 with the yield close to 85% based on Ag. mined from systematic absences and intensity statistics. powder was obtained. Single crystals could only be obtained The structures were solved by direct methods of SHELXS-upon addition of tetraethylammonium bromide. The role of 86 (15a) and refined by full-matrix least-squares techniques the cation is still unclear, but it appears to act as a mineralof TEXSAN (15b) software package of crystallographic izer. Given the mild conditions under which it was syntheprogram. An empirical absorption correction based on -sized, this compound may have eluded mineralogists bescans was applied to each data set, followed by a DIFABS cause it is metastable with respect to the Ͱ-form. Traditional (16) correction to the isotropically refined structures. All sulfosalt synthetic conditions typically involve heating stoinonhydrogen atoms except carbon and nitrogen were even-chiometric amounts of the elements at temperatures in extually refined anisotropically. All calculations were per-cess of 1000ЊC (17) or under more severe hydrothermal conformed on a VAXstation 3100/76 computer. Complete data ditions than those employed here. The formation of ͱ-collection parameters and details of the structure solution Ag 3 AsSe 3 , from AgBF 4 /3K 3 AsSe 3 , in water at 110ЊC in 1 and refinement are given in Table 1 . The fractional atomic day suggests that it is only a kinetically stable phase. What coordinates, average temperature factors, and their esti-is puzzling is that ͱ-Ag 3 AsSe 3 is more dense and thus could mated standard deviations are given in Tables 2 to 5 . represent a high pressure modification of Ͱ-Ag 3 AsSe 3 . It Tables of anisotropic thermal parameters and calculated would be very interesting to examine the high pressure beand observed X-ray single-crystal structure factors are havior of the Ͱ-form for possible phase transitions. available as supplementary material. Initial experiments in the Ag/As x S y system with water isostructural Se and S analogs of these compounds would be exceptions, not the rule, in this chemistry. as solvent always yielded the mineral proustite (Ͱ-Ag 3 AsS 3 ). By simply changing the solvent from water to Structure of ͱ-Ag 3 AsSe 3 methanol this sulfosalt is avoided and the new quaternary phase of K[Ag 3 As 2 S 5 ] (IV) is obtained. That this phase is This compound differs drastically from the Ͱ-Ag 3 AsSe 3 polymorph (14) and has a remarkably complicated threechemically different from (III) suggests, once again, that The geometry around Ag(1), Ag(3), and Ag (4) Tables 6 and 7 . There are no bonding Ag-Ag distances in the compound. described as bent-T shaped with the Se-Ag-Se angles Major structural differences between this compound and ranging from 159Њ to 85Њ, while in the ͱ-form the Ag ϩ the rhombohedral structure of Ͱ-Ag 3 AsSe 3 are the coordiions are both trigonal planar and tetrahedral, albeit highly nation of the Ag ϩ ions and their local symmetry. First, the distorted. The presence of four coordinate silver atoms is geometry around the Ag atoms in the Ͱ-form can best be consistent with the fact that the density of ͱ-Ag 3 AsSe 3 is 0.12 g/cm 3 higher than that of Ͱ-Ag 3 AsSe 3 . Second, while the pyramidal [AsSe 3 ] 3Ϫ units in the structure of the ͱ- deduce a simple structural relationship between the two Ag1-Ag2 3.053(5) Ag4-Se3 2.593 (7) compounds. However, a polymorphism similar to that obAg1-Ag5 3.005(6) Ag4-Se5 2.670 (7) served here has been observed in Cu 3 SbS 3 . The Ͳ-Cu 3 SbS 3
Ag3-Ag4 3.028(6) Ag4-Se6 2.663 (7) polymorph and the Cu 3 SbSe 3 have isomorphous orthoAg3-Ag5 2.969(5) Ag5-Se2 2.681 (9) rhombic cells which are one-quarter that of ͱ-Ag 3 AsSe 3 , Ag1-Se4 2.778(5) Ag5-Se4 2.939(7) Ag1-Se4 2.630(5) Ag5-Se5 2.659 (9) however, these structures feature only tetrahedral Cu Ag1-Se6 2.671(7) As1-Se1 2.421 (9) atoms (18). 4Ϫ unit, which to the best of our knowledge is and the lone electron pair of an As atom. The Ag(3)-As(2) distance is 2.844(4) Å . Only one of the two As atoms in a new species in a solid state compound, engages in a remarkably complex multidentate coordination involving [As 2 Se 5 ] 4Ϫ is interacting with an Ag center. The direct binding of As in an [As x Q y ] nϪ anion to a metal is rare. A 11 Ag ϩ centers and employing all 5 of its selenium atoms and 1 arsenic atom, see Scheme 3. similar bonding arrangement was also observed in KCu 2-AsS 3 where Cu (1) and Cu(2) were tetrahedrally coordiThe coordination geometry of the Ag (1) and Ag (2) atoms is severely distorted tetrahedral with the Se-Ag-Se nated to three S atoms and the lone pair of an As atom (19).
The average As-Se distance, at 2.410(4) Å , and Se-As-Se bonds angles ranging from 85.9(1)Њ to 119.8(1)Њ. The aver- all the lone pairs of the selenium atoms are pointed away from the layers and toward the interlayer space. The Me 3 NH ϩ ions are located in the gallery region yielding an interlayer distance of 11.47 Å . Interestingly, the hydrogen atom bonded to the nitrogen in the Me 3 NH ϩ ion points toward the layers, suggesting the presence of hydrogen bonding to the selenides, see attempts to perform ion-exchange reactions with this com-nated As atom can be assigned as 4ϩ while the threepound were unsuccessful. coordinated As atom is 2ϩ. coordinate to Ag atoms and leaves the other two Se atoms with the K(3)-Se distances ranging from 3.346(9) to 3.423(8) Å . Selected bond distances and angles in the strucas terminal selenides. The result of this bonding mode creates large 16-member rings where the K cations reside. ture are summarized in Tables 10 and 11 . The geometry of the seven-coordinated K(1) can best be described as trigonal prismatic with one of the faces capped Structure of K[Ag 3 As 2 S 5 ] by a seventh Se. The K(1)-Se distances range from 3.321 (7) This compound is also a mixed cation/mixed anion salt. to 3.567(7) Å . The K(2) atom is also seven-coordinate with
The structure contains unique two-dimensional layers of a capped trigonal antiprismatic environment. The K(2)-Se remarkable complexity, consisting of formally Ag ϩ ions distances range from 3.247(6) to 3.588 (6) There are three kinds of Ag atoms in the lattice. The Ag (1) atom is in a distorted tetrahedral geometry with the the Ag(3) atom with S-Ag(2)-S angles ranging from 100.9(2)Њ to 155.1(1)Њ. The S-Ag(3)-S angles range from S-Ag-S angles ranging from 101.5(2)Њ to 118.0(2)Њ while the Ag(2) and Ag(3) atoms are trigonal-planar coordinated 110.8(2)Њ to 125.8(2)Њ. The angular distortions are probably due to the constrains imposed by the thioarsenate ligand. to three S atoms. The Ag(2) atom is more distorted than
The average tetrahedral Ag(1)-S distance, at 2.638(6) Å , is longer than the average trigonal-planar Ag(2)-S and 2.238(9) K-S6 3.302 (9) Ag(3)-S distances of 2.558(7) and 2.498(6) Å , respectively. The average As-S distances and S-As-S angles are normal at 2.268(6) Å and 99.5(2)Њ (9-12). The K atom is sevencoordinate with the K-S distances ranging from 3.150 (8) to 3.522(8) Å . The coordination environment of K is irregular and can best be described as a capped trigonal antiprism. Selected distances and angles are summarized in Tables 12 and 13 .
Thermal Properties
The thermal behavior of ͱ-Ag 3 AsSe 3 was investigated with differential thermal analysis (DTA); see Fig. 8 . The DTA thermogram, first cycle, shows a melting point endotherm, at 396ЊC, and a crystallization point exotherm, at 342ЊC. The second cycle reveals two endothermic peaks, at 391 and 396ЊC, and the same crystallization point exotherm, at 342ЊC. Examination of the DTA residue by XRD The optical absorption spectra of the four compounds, in the range of 0.5 to 6 eV, show well-defined abrupt absorption edges from which the band gaps can be estimated; see Fig. 11 . The optical gaps are 1.5, 2.5, 1.7, and 2.4 eV, for (I), (II), (III), and (IV), respectively, and indicate that these materials are semiconductors. It is noteworthy that the 1.5 eV value for ͱ-Ag 3 AsSe 3 is ideal for maximal efficiency for absorption of solar radiation and suggests that it may be a good candidate for examination as a photovoltaic material. Its semiconductor properties should be characterized if large high quality single crystals of this material could be grown. 
CONCLUDING REMARKS
The synthesis of the new ternary and quaternary indicated that ͱ-Ag 3 AsSe 3 transformed into the Ͱ-compounds, ͱ-Ag 3 AsSe 3 , (Me 3 NH)[Ag 3 As 2 Se 5 ], Ag 3 AsSe 3 with Ag 2 Se as a minor product. The latter forms K 5 [Ag 2 As 3 Se 9 ], and K[Ag 3 As 2 S 5 ], attests that solventoby the expulsion of As 2 Se 3 from the material. This observathermal technique is a powerful yet simple synthetic tion was also confirmed by the TGA experiment where method in synthesizing new complex thio-and selenoarse-ͱ-Ag 3 AsSe 3 loses mass around 250ЊC to give Ag 2 Se; see Fig. 9 . These data confirm that the ͱ-form is kinetically stabilized.
The presence of Me 3 NH ϩ in the gallery space of II suggests that it may be possible to remove Me 3 N by heating the material and obtain the solid acid product HAg 3 As 2 Se 5 . Therefore, the thermal stability of (Me 3 NH)[Ag 3 As 2 Se 5 ] (II) was studied by TGA. There are two weight loss steps, one at 140-200ЊC and another at 430-770ЊC; see Fig. 10 . The material, however, loses not only its organic cations as Me 3 N but also H 2 Se in a single step. The loss of structural selenium causes the destruction of the layers. The products were found to be, by X-ray powder diffraction, Ͱ-Ag 3 AsSe 3 and AgAsSe 2 . The second weight loss step corresponds to the evaporation of As 2 Se 3 . The final decomposition product was pure Ag 2 Se(Ag 2 Se-120, naumannite) (21) . The size of the weight loss steps observed in the TGA diagram are 3Ϫ pyramids but other modes are also possible, such as the edge sharing of the pyramids in (Ph 4 P) 2 [Ni 2 As 4 S 8 ] (12b). The degree of condensation also seems to vary between the sulfo-and the selenoanions, a reasonable behavior since they have different basicities. This chemical divergence sets the foundation for exploring both the S and Se species because isostructural phases between the two are not as likely.
